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INTRODUCTION 
Many applications of ultrasonic testing (UT) are made difficult by the complex 
geometrical shape of the part to be inspected. A simple ray-trace analysis of the geometry 
may suffice to determine transducer positions and beam angles to provide adequate cover-
age of the region to be interrogated. In addition, however, the analyst must have estimates 
of backscattered amplitudes to determine if flaw signals are measurable. Thus, a combina-
tion of complex-geometry ray tracing with calculations of flaw-scattering amplitudes is 
required for the design and optimization of UT procedures. 
The work reported here is the first step in an effort to combine a modem, flexible 
ray-trace code with algorithms for predicting amplitudes of reflection and diffraction by 
flaws. The code consists of three elements: a solid-modeler/ray-trace package called 
BRL-CAD [1], a simple piston model of the transmitting transducer [2], and routines for 
calculating near-specular reflection via the Kirchoff approximation [3] and diffraction 
using the geometrical theory of diffraction (GTD) [3]. 
The next four sections describe the major elements of a calculation; that is, specifi-
cation of the geometry, generation of rays representing the incident beam, ray tracing, and 
scattering. A simple illustrative example is then presented, followed by future 
enhancements of the code and a summary. 
GEOMETRY SPECIFICATION 
The first step in a calculation is the definition of the part and flaw geometry. Our 
procedure uses a stand-alone solid-modeler code, which is part of the BRL-CAD package. 
With this code the user builds a mathematical description of the part and flaw by combin-
ing primitive geometric solids (e.g., boxes, cones, and ellipsoids) using the boolean opera-
tions of union, intersection, and subtraction. This description will be contrasted with the 
surface or boundary representation in which regions are defined in terms of their surfaces. 
When construction of the model is finished, geometrical data are written to a file 
used in the ray-trace calculations and in various imaging routines. 
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RAY GENERATION 
The second part of the code is a FORTRAN program for calculating complex 
amplitudes reflected or diffracted by a flaw. Input data are transducer information; i.e., 
positions, frequency, dimensions, orientations of transmitting transducers, and positions at 
which scattered amplitUdes are to be computed. The calculation begins by defining a large 
number (usually about 700) of equally spaced ray intersections on the flaw surface. These 
points are used to specify rays emanating from the transmitter. 
The transducer model employed in the present version of the code was described by 
Coffey and Chapman [2]. For a longitudinal beam, the amplitude of a ray is given by the 
far-field solution for a piston source (i.e., Jl(z)lz where J 1 is the first-order Bessel function 
and z is proportional to the sine of the angle off the beam axis). To model shear waves, the 
transducer and wedge are replaced by a virtual transducer whose dimensions and position 
are determined by the directional properties of mode-converted shear waves at the entry 
surface. Rays are assumed to originate at the center of the actual transducer in the longitu-
dinal case and at the center of the virtual transducer for shear waves. 
RAY TRACING 
Once ray directions, points of origin, and amplitudes have been determined, a ray-
trace subroutine from the BRL-CAD package is called. This subroutine returns, for each 
ray in the beam, points of intersection, direction of propagation, and surface normals at 
each surface encountered in the ray path. At this point in the present version of the code, 
the ray is ignored unless it intersects the flaw before encountering other surfaces. The 
existing code therefore ignores multiple reflections, a restriction that will be removed in the 
future. 
SCATTERING 
The only type of flaw presently considered is a smooth, flat, elliptical crack with arbi-
trary orientation. In the following way, the crack normal, angle of incidence at the center of 
the crack, and ray direction from the center of the crack to the receiver are used to deter-
mine if near-specular reflection or edge diffraction is the dominant scattering mode. For an 
elliptical crack, the lobe structure of the reflected beam is given by Equation (8.80) of 
Achenbach, et al. [3]. Ifthe incident and scattered directions are such that the receiver lies 
in the main lobe or first side lobe of the reflected beam, then reflection is assumed; and the 
reflected amplitude is calculated in the Kirchoff approximation. If the receiver is outside 
the first side lobe, edge diffraction is assumed; and the amplitude is calculated using GTD. 
In the Kirchoff approximation, the amplitude of a reflected wave of mode f3 (longi-
tudinal or shear) at a distance ro from the center of the crack is given by [3] 
(1) 
where the subscript k denotes a component of the vector displacement, the sum over compo-
nent i is implied, kf3 is the wavenumber, B~ is the tensor defined by Achenbach, et al. [3], 
Vine (X) is the incident beam amplitude at a point x on the crack surface, Xo is the unit vector 
in the direction from the crack center to the receiver, and the integral is over the crack sur-
face. In the second line, the integral is approximated by a sum over ray intersections, Ac is 
1100 
the crack area, and N is number of rays. The vector aj is defined in terms of incident and 
reflected wave polarizations and of reflection coefficients by Equation (8.72) of Achen-
bach, et al. [3]. 
For edge diffraction, the relevant expression for an incident wave of mode a and a 
diffracted wave of mode {3 is [3] 
i1~ = UoD';(()f3; <POI,fJOI)df3eikf3r / Vkf3r(l + r/ p) 
where U 0 is the incident amplitude at the diffraction point, r is the distance from the dif-
fraction point to the receiver, p is related to the curvature of the diffracting edge at the 
diffraction point [3], afJ is the polarization of the diffracted wave, <Pa and 0a are incident 
angles, <PfJ specifies the diffracted wave direction, and D~ is the diffraction coefficient. 
(2) 
To apply Equation (2), the diffraction points (flash points) on the edge of the ellipse 
must be found. For a given crack location and orientation, and a given receiver location, 
the diffraction angles <PfJ and 0fJ (see Ref. 3 for the definitions of angles) are expressed as a 
function of position on the elliptical edge. Similarly, for a given incident direction (taken 
as the direction at the center of the crack), the angles <Pa and 0a are also expressed as a 
function of position on the edge. Snell's law for edge diffraction, which is 
cos( <P f3) = cf3 cos( <POI) 
COl 
(3) 
where C fJ and ca are wave speeds, then leads to a rather complicated equation. This latter 
equation is numerically solved for the flash-point position. 
EXAMPLE 
To illustrate the use of the code, we performed calculations for the simple geometry 
shown in Figure 1. The reflectors in this case are two elliptical disks, with major and 
minor axes 2 and 1 mm, respectively. The reflectors are placed so that reflector B is par-
tially shielded by reflector A; ray intersections are shown on the two disks for one trans-
ducer position. 
A 5-mm-diameter, longitudinal-wave transducer operating in the pulse-echo mode at 
2.25 MHz was scanned in the direction shown in the figure. The scan was along the sur-
face of a box containing the two reflectors. The orientation of the incident beam was such 
that the center of the beam was pointed at the center of reflector B at a scan position of 10 
mm. 
Figure 2 is a plot of pulse-echo amplitudes for both reflectors as a function of trans-
ducer position. The shadowing effect caused by the presence of reflector A is seen as a 
depression of the echo from reflector B at small values of the scan coordinate. At large 
values of the scan coordinate, reflector B is fully illuminated; and the echo amplitude 
increases. 
FUTURE IMPROVEMENTS 
The code is presently limited to single reflections by elliptical flaws. One of the first 
steps to be taken in generalizing the model is to allow multiple reflections. This will be 
done by generating new sources of rays when surfaces other than flaw surfaces are encoun-
tered in the ray-trace subroutine. 
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Figure 1. Geometry for a two-reflector calculation of pulse-echo amplitudes. For about 
half the scan, reflector B is partially shielded from the incident beam by reflector A. Points 
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Figure 2. Echo amplitudes from reflectors A and B of Figure 1. For small values of the 
scan coordinate, the signal from reflector B is depressed because of the shielding effect of 
reflector A. 
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We also plan to incorporate an improved transducer model that will account for 
focusing devices and curved entry surfaces. A preliminary version of such a model has 
been prepared and presently exists as a separate computer program. The current model is 
based on the integration of a scalar spherical wave kernel over the transducer surface, with 
refraction and mode conversion of each wave at the curved entry surface. The model will 
be extended to a vector model by including polarization and will be linked with the ray-
trace code by adding a routine to approximate the beam by a collection of rays. Finally, an 
approximate calculation of the effects of surface roughness, including both the entry 
surface and the flaw, will be added [4]. 
SUMMARY 
Although the code described here is at an early stage of development, it is capable 
now of useful predictions of ultrasonic scattering by cracks in complex geometry parts. 
The BRL-CAD solid modeler offers a convenient way to define complex shapes; and ray-
trace routines, also part of the BRL-CAD package, provide all that is needed to complete 
the geometrical part of a calculation. Scattering by flaws is handled by either a Kirchoff 
approximation or the geometrical theory of diffraction, depending on the scattering angle. 
Developments planned for future versions of the code include an improved transducer 
model, ray tracing through multiple scattering paths, and surface roughness effects. 
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